Introduction
Major incidents occur worldwide on a regular basis, ranging from industrial and transport accidents to terrorist atrocities and natural disasters. Triage, the process of prioritizing patients on the basis of their clinical acuity is a key principle in the effective management of a major incident and must be able to be performed rapidly, reliably and be reproducible irrespective of the provider using it [1] . Within the UK, a two-stage approach to major incident triage is employed, using simple physiological algorithms that, dependent on the level of derangement, allocate patients to one of three categories, with priority one being the most emergent [2] . The first stage, primary triage, occurs at the scene of the incident, and is frequently a quick 'first look' at the patient with minimal physiological inputs. Secondary triage is used subsequently, for example to evaluate casualties in a more permissive environment (e.g. casualty clearing station), and is a more thorough assessment of the patient (including additional physiological parameters, e.g. blood pressure measurement) [2] .
There is no standardized definition of the priority one patient, with some authors using an Injury Severity Score (ISS) definition of major trauma (ISS ≥ 15) and others using the requirement for life-saving intervention [3, 4] . Although the ISS provides an assessment of injury severity, it is a retrospective measurement and demonstrates poor correlation with patient acuity and need for life-saving intervention [5] . In the major incident context, we believe it is more appropriate to identify those patients requiring life-saving intervention.
The overall effectiveness of triage is a balance between identifying those genuinely in need of a life-saving intervention (priority one), and minimizing those falsely identified as either needing or not needing intervention (over and under-triage). Frequently, the priority is to minimize under-triage as failing to identify those in need of life-saving interventions has clear implications, but repeatedly this has been shown to be at the expense of increased rates of over-triage [6] [7] [8] . As with under-triage, over-triage is associated with increased mortality; overwhelming medical facilities with noncritical casualties reduces the ability to provide for those with time-critical injuries, and can result in the loss of potentially salvageable lives [8] . Currently, there is no guidance for the accepted thresholds of over-triage and under-triage within the major incident setting, with the American College of Surgeons stating both should be kept to a minimum [9] .
Previous studies using both trauma registries and major incident data have demonstrated that existing primary triage tools have limited performance at identifying those in need of life-saving intervention [7, 10, 11] . Derived specifically to predict the need for life-saving intervention and as an alternative to existing primary major incident triage tools, the Modified Physiological Triage Tool (MPTT) demonstrated the lowest rates of under-triage in the military setting both retrospectively and prospectively [10, 11] . In another linked study by our group the MPTT was validated using the civilian Trauma Audit Research Network (TARN) database; the MPTT again had the lowest rate of under-triage, while maintaining levels of over-triage comparable to those tolerated at a previous civilian major incident [12, 13] .
To date, there have been no studies describing the implications of under-triage. The primary aim of this study was to report mortality in the patient groups undertriaged by existing methods of major incident primary triage. Secondary aims were to report the ability of primary triage tools at identifying serious injury by body region [defined as an Abbreviated Injury Scale (AIS) severity score ≥ 3] and to describe the safety profile of the MPTT in comparison to UK civilian and military triage tools.
Patients and methods
The TARN has maintained a national database of trauma patients since 1988 and is the largest trauma database in Europe [14] . TARN collects data on adult patients (≥18 years) sustaining moderate to major injuries from all trauma receiving hospitals in England and Wales. Trained clerical staff from the receiving hospital submit data to TARN and the data follows the patient pathway from injury through to discharge. TARN eligibility includes trauma patients who are admitted to hospital for at least 3 days, have a critical care unit admission or who die in hospital.
We undertook a retrospective review of the TARN database from 1 January 2006 to 31 December 2014. Only direct admissions from scene of injury with complete physiological data were included (interhospital trauma transfers were excluded). In keeping with previous studies, outliers (defined as respiratory rate > 45 bpm, heart rate > 170 bpm or systolic blood pressure > 206 mmHg) were removed. Patients were defined as priority one if they received one or more life-saving interventions from a previously published list, derived through international consensus of experts involved in major incident management [1] . Because of the nature of the TARN database, patients were assumed to be nonambulant. Patients declared dead at scene and not conveyed to hospital are not included in the TARN database and therefore were not included in our analysis.
Following the 7 July London bombings, the UK National Ambulance Resilience Unit (NARU) published a modified version of the Major Incident Medical Management and Support (MIMMS) Triage Sieve [15] . Including an assessment of conscious level and control of external catastrophic haemorrhage, the physiological assessments within the NARU Sieve are analogous with the UK Military Sieve [16] . For this reason, we describe our analysis of the NARU Sieve and UK Military Sieve as the UK Military Sieve alone.
Using the first recorded hospital physiology, patients were categorized as priority one or not priority one using the MPTT, the MIMMS Triage Sieve and the UK Military Sieve. Despite the NARU Sieve replacing the traditional MIMMS Triage Sieve in the UK major incident practice, we have included MIMMS Triage Sieve in our analysis as it is still widely taught in the UK as well as worldwide (Table 1) .
Basic demographics and injury data are reported as number (percentage), mean (95% confidence intervals) and median (interquartile range) as appropriate. Categorical data were analyzed using a χ 2 -test and continuous data with a Mann-Whitney U-test. Statistical analysis was performed in Prism, version 7.0c (GraphPad, La Jolla, California, USA). As part of a larger programme of work, this study received approval by the Human Research Ethics Committee of the University of Cape Town (reference 285/2013), the primary institution of the lead author.
Results
During the study period 218 985 adult patients met the TARN inclusion criteria, with 127 233 included in our analysis. Overall, 24 791 (19.5%) received a life-saving intervention and were identified as priority one (Fig. 1) . In comparison to the overall study population, the priority one cohort was younger (51 vs. 61 years), predominantly male (70 vs. 55%) and had a higher ISS (16 vs. 9) . Falls less than 2 m (54%) was the leading injury mechanism in the overall study population, followed by road traffic collisions (RTCs) (29%). In the priority one cohort this was reversed, with RTCs the predominant mechanism (34%), followed by falls less than 2 m (28%) ( Table 1) . Injuries (AIS ≥ 3) to the thorax and head predominated (47.0 and 27.4%, respectively) with intubation (35.5%) and thoracocentesis (31.9%) the most frequently performed life-saving interventions. Additional study demographics are provided in Table 2 .
Primary outcome
The UK Military and MIMMS Triage Sieve undertriaged 17 842 [71.9%, 95% confidence interval (CI): 71.4-72.5] and 21 583 (87.1%, 95% CI: 86.6-87.5) priority one patients respectively, whereas the MPTT undertriaged 10 521 (42.4%, 95% CI: 41.8-43.1) priority one patients (P < 0.001, χ 2 = 11 580) ( Table 3) .
30-Day mortality and injury severity score
Overall, 30-day mortality in the priority one cohort was 12.4%; in the MPTT under-triage group, mortality was identical to the overall study population (5.7%), and demonstrated an absolute improvement in 30-day survival of 0.5% over the UK Military Sieve (5.7 vs. 6.2%, P = 0.08). Mortality was significantly greater in the MIMMS Triage Sieve under-triage group (10.9%, P < 0.001). 
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Median ISS was 9 (9-16) for the overall TARN study population (n = 127 233) and 16 (9-25) for the priority one cohort (n = 24 791 Table 4 ).
Secondary outcome Injuries sustained
Across the whole study population (n = 127 233), serious injuries to the limbs predominated (34.6%), followed by those with head (19.4%) and thorax (18.4%) injuries. However, in the cohort of patients requiring life-saving interventions, injuries to the thorax predominated (47.1%), followed by head (27.4%) and limbs (18.4%). The relative frequencies of severe injuries for the whole study population, priority one cohort and those undertriaged by the MPTT, UK Military Sieve and MIMMS Triage Sieve are shown in Table 5 .
Of the patients under-triaged by the three triage tools, the MPTT had the lowest proportion of thoracic injuries (P < 0.001, χ 2 = 119.7). There was no difference in the number of patients with serious head injuries between the MPTT and UK Military Sieve; 16.3% (95% CI: 15.5-17.0) compared with 16.4% (95% CI: 15.9-16.9), P = 0.80). When compared with the existing MIMMS Triage Sieve, the MPTT had significantly fewer patients with head injuries (P < 0.001).
The MPTT under-triaged significantly fewer patients with serious thoracic and head injuries (P < 0.001). Although the UK Military Sieve offers an improved performance compared with the MIMMS Triage Sieve, there was an absolute increase of 36.2 and 17.9% in patients with serious thoracic and head injuries requiring life-saving intervention, respectively, when compared with the MPTT (Table 5 ).
Discussion
In this study, we have highlighted the effects, and compared the implications, of under-triage when different primary triage tools are used in the context of a major trauma population. Patients under-triaged by the MPTT demonstrate a significantly lower mortality when compared with the UK Military and MIMMS Triage Sieve. Patients requiring life-saving intervention had more serious thorax (47.1%) and head (27.4%) injuries in comparison to the overall study population, where serious limb injuries predominated (34.6%).
Patients under-triaged by the MPTT had the lowest median ISS, implying a reduction in injury severity, with an identical 30-day mortality rate to the overall TARN study population. The MPTT showed a significant difference in detection of serious body region injury, undertriaging approximately half the number of patients with serious thoracic and head injuries. Sieve have a significantly higher proportion of head injuries [2] . The addition of an assessment of conscious level (e.g. in the UK Military Sieve) improves this performance, but the unchanged physiological parameters within the UK Military (and NARU) Sieve still demonstrate significantly high rates of under-triage, missing disturbingly high numbers of severe thoracic and head injuries [15, 16] .
Without an assessment of conscious level it is unsurprising that those under-triaged by the MIMMS Triage
A number of studies have previously compared overall triage tool performance using both retrospective major incident data and also analysis of trauma databases [7, 17, 18] . In both the derivation and subsequent validation studies of the MPTT, significantly lower rates of under-triage have been demonstrated when compared with existing triage tools in both military and civilian trauma populations [10] [11] [12] . However, we are unaware of any studies that have further analyzed triage tool performance, specifically looking at their areas of weakness in under-triage and the consequences of this.
Although it is likely that including non-physiological assessments as part of the triage process (e.g. anatomical injury assessment), will improve performance, for the purposes of quick, primary triage, this may not be feasible. Secondary triage in its current form remains a physiological assessment, with previous studies demonstrating little additional benefit over the MIMMS Triage Sieve [19] . With the secondary triage process being performed in a more permissive environment, with greater resources available, we believe this represents the ideal opportunity to perform both physiological and non-pyhysiological assessments as part of the triage process. In light of our findings here, and the serious anatomical injuries undertriaged by existing tools, a thorough review of secondary triage is indicated. We suggest that the feasibility of including anatomical discriminators should be explored in an attempt to improve the overall performance of on-scene triage at a major incident.
A key limitation of our study is the use of a retrospective trauma database to evaluate the performance of triage tools designed for use in a major incident setting. A number of recent European major incidents have been the result of terrorist atrocities, producing injuries more akin to that seen in the combat environment. Although the mechanism of injury in this study's cohort (priority one patients) was predominately RTCs (compared with low falls overall), this injury pattern is unlikely to be wholly representative of a major incident population. In mitigation, the MPTT has been shown to outperform existing tools in the military environment, where the ballistic and explosive injuries seen in recent terrorist incidents are more common [10, 11] .
In an ideal setting, studies looking at the performance of major incident triage tools would be performed prospectively in the environment in which they are designed to function in. Because of the unpredictable nature of major incidents, this is not feasible; therefore, we frequently use trauma databases as a surrogate source of injured patients. Although the retrospective review of major incidents convey the advantage of utilizing a genuine scenario, previous attempts to validate triage tools have been limited by small numbers of seriously injured patients [7] . With small sample sizes, the ability to draw conclusions on tools' performance is limited. However, by using a trauma database, it is possible to compare the performance of triage tools and their ability to predict the need for life-saving intervention in a large cohort of seriously injured patients.
In keeping with other database studies, the use of the TARN database is associated with a number of limitations. Incomplete data recording is a recognized limitation of database analyses and our study is no different; a large number of cases were excluded because of incomplete physiological data. In addition, because of the TARN inclusion criteria, the population covered by TARN is likely to be skewed towards those sustaining more severe injury. It is therefore likely that the proportion of patients receiving a life-saving intervention will actually be lower in a real major incident population than our sample, and that the rates of under-triage may therefore also be lower.
Conclusion
This study has defined the effects of under-triage when different triage tools are used in the context of a major trauma population, and has compared the implications of under-triage in the patients affected by this. The MPTT appears to miss fewer severely injured patients than other Table 5 Frequency of severe injuries (AIS ≥ 3) by body region within the whole study population, the priority one cohort and in those under-triaged by the MPTT, the UK Military Sieve and the MIMMS Triage Sieve Whole study population (n = 127 233) (% whole study population) triage tools and results in fewer life-saving interventions being necessary in the population identified as not priority one. This improved safety profile of under-triage supports previous studies that demonstrated the MPTT's superior performance over existing triage tools. We suggest that the MPTT should be considered for the purposes of primary major incident triage as an alternative to existing primary triage tools.
